In contrast to polymyxin B-susceptible gram-negative bacteria of human origin, the fish pathogen Aeromonas salmonicida was resistant to sensitization by polymyxin B nonapeptide (PMBN) 
The gram-negative bacterium Aeromonas salmonicida is an important fish pathogen and the causative agent of furunculosis in salmonid species. The continued use of chemotherapeutic agents to treat furunculosis outbreaks in cultured fish has led to the development of antibiotic resistance in A. salmonicida (2, 18, 27) , including the detection of R factors (1, 2, 10). In addition to the envelope layers present in all gram-negative bacteria, A. salmonicida possesses a regularly structured outer protein layer, the A layer (12, 14, 18) . This surface array protein is necessary for virulence (12, 13, 16, 18) , promotes autoagglutination (8, 12, 18) , and has been implicated in adhesion of the bacterium to fish cells (17, 18) and in contributing to immune serum resistance (16) .
Recently, it has been shown that many gram-negative pathogenic bacteria of human origin can be significantly sensitized to both hydrophobic antibiotics (20, 21, 26 ) and the bactericidal action of mammalian serum complement (20, 24, 25) by polymyxin B nonapeptide (PMBN) . PMBN is a polycationic derivative of polymyxin B (PB) with reduced toxicity to eucaryotes and, by itself, little or no bactericidal activity (5, 6) . It is thought to interact with acidic lipopolysaccharide of the outer membrane of gram-negative bacteria at the same or a similar site as PB, increasing outer membrane permeability to hydrophobic antibiotics and susceptibility to serum complement components (19, 22, 23) . Of these bacteria examined, PB-susceptible strains are sensitized by PMBN, whereas PB-resistant strains are resistant to PMBN sensitization (19, 23, 25) .
The purpose of this report was to examine the potential of PMBN to sensitize PB-susceptible A. salmonicida strains to hydrophobic antibiotics and the bactericidal activity of brook trout (Salvenlinusfontinalis) serum (TS) complement.
MATERIALS AND METHODS
Bacterial strains. Sources of wild-type A. salmonicida strains and the A-layer-negative mutant of the Rest. 80204 * Corresponding author. strain have been described (27). Escherichia coli K-37 stock culture was obtained from D. S. Ray (11) . Pseudomonas fluorescens J was isolated from diseased Atlantic salmon (Salmo salar). All strains were maintained on brain heart infusion agar.
Antibiotic susceptibilities. MICs of antibiotics in the absence and presence of 3 p.g of PMBN ml-' were determined in Davis modified medium (DMM) as described by Vaara and Vaara (20, 21) . Experiments were performed with 10-ml volumes in 25-ml Erlenmeyer flasks incubated at 150 rpm on a Psychrotherm environmental shaker (model G-26; New Brunswick Scientific Co., Inc., Edison, N.J.) at 22°C for 36 h for A. salmonicida strains and at 37°C for 18 h for E. coli K-37. MICs were determined with twofold or less dilutions of antibiotics, and the means of two to five determinations (with twofold or less variation) were recorded. Serum sensitivity. Blood was collected from the caudal vein (approximately 3 ml per fish) of 6 to 12 brook trout weighing 1 to 1.5 kg and pooled. Blood was clotted for 2 h at 4°C, and the serum was collected after centrifugation at 4,000 x g for 8 min at 4°C. Serum was stored at 4°C and used within 6 h of collection. Inactivation of serum complement was achieved by heating serum at 45°C for 30 min prior to use (16 (6) and estimated to contain <0.1% PB by bioassay, using E. coli K-37 and A. salmonicida strains. PMBN concentration was calculated from free amino group determination, using PB as a standard (21) .
Electron microscopy. Early exponential-phase cells, grown in DMM, were harvested and suspended in PBS with and without 10 jig of PMBN ml-' to give an optical density at 660 nm of 0.2. The suspensions were incubated for up to 2 h at 22°C for A. salmonicida strains and at 37°C for E. coli K-37. Small samples were removed, and 1 drop was applied to grids, washed three times with 1 drop of distilled water, and negatively stained with 1 drop of 0.1 to 1.0% uranyl acetate. Grids were examined by transmission electron microscopy (Phillips EM 400T). similar to those of its parent strain in the presence and absence of PMBN. Sensitization of A. salmonicida by PMBN to the bactericidal action of TS. PMBN sensitized PB-susceptible E. coli K-37 to the bactericidal action of TS but did not appear to sensitize PB-resistant P. fluorescens J to TS (Table 2) . In this respect, the action of PMBN with TS resembled that with certain mammalian sera (20, 24, 25) . With these bacterial strains, 3% TS was used as 24 or 40% TS was lethal in the absence of PMBN.
RESULTS
A. salmonicida Rest. 80204 and its A-layer-negative derivative S-Rest. 80204 were not completely refractory to 24 to 40% TS since the number of CFU consistently decreased during 6 h of incubation ( Table 2 ). Other A. salmonicida strains tested were less susceptible to TS and had multiplied by 6 h of incubation. A synergistic effect of PMBN on the bactericidal activity of TS was observed for all strains tested. The number of CFU remaining in TS after 6 h of incubation were 5-to 15-fold less in the presence of PMBN (4 to 10 ,ug ml-') than in its absence. The action of PMBN in TS was less effective against A. salmonicida strains than against E. coli K-37.
As shown for mammalian sera (20, 24, 25) , complement appeared to be necessary for the synergistic effect of PMBN in TS. Pretreatment of TS at 45°C for 30 min has been reported to inactivate TS complement (16) . Growth of all strains occurred in heat-inactivated TS in the presence or absence of PMBN ( Table 2 ). The presence of a second factor in mammalian sera, which is necessary for the synergistic effect of PMBN and which can be removed by the absorption of the sera with glutaraldehyde-fixed cells of smooth or rough E. coli strains, has been reported (24) . TS was similarly absorbed with glutaraldehyde-fixed cells of Rest. 80204 and E. coli K-37. The absorbed TS no longer demonstrated a bactericidal effect against Rest. 80204 in the absence of PMBN but consistently showed a bactericidal effect in the presence of PMBN which was almost as effective as that observed with unabsorbed TS in the presence of PMBN ( Table 2) .
Absorption of PMBN by A. salmonicida Rest. 80204 and E. coli K-37 cells. To compare the amount of PMBN absorbed to cells of Rest. 80204 and E. coli K-37, DMM solutions containing different concentrations of PMBN were absorbed with similar cell concentrations of each strain. The absorbed solutions were then tested for PMBN removal by determining their effect on the MIC of rifampin for E. coli K-37 (Fig.  1) . The results, although crude, indicated that Rest. 80204 cells bound slightly less PMBN than E. coli K-37 cells (less than a twofold difference). Bacterial strains resistant to PMBN sensitization (which are also resistant to PB) were reported to bind 3.3 to 12 times less PMBN than sensitized strains (23) .
Effect of PMBN on outer layers of A. salmonicida. Electron micrographs of PMBN-treated E. coli K-37 cells were similar to those published for certain other enteric bacteria (7, 22) , showing many small blebs extending out from the outer membrane surface and a few small extracellular vesiclelike components within 10 min of exposure to the agent ( Fig.  2A) . To obviate possible interference of the A layer in observing the outer membrane surface of A. salmonicida, S-Rest. 80204 was examined. This strain showed very little visible outer membrane disruption after treatment with PMBN for up to 1 h, with only a few small blebs being observed (Fig. 2B) . However, small extracellular vesiclelike particles, which were few in pictures of untreated S-Rest. With A-layer-positive wild-type A. salmonicida strains, PMBN caused disruption of the surface array protein layer which appeared to be associated with the small vesicles. Bulges and breaks in the A layer as well as detached fragments were seen at various sites around PMBN-treated cells, and vesicles were accumulated in these areas (Fig. 2C and D). These PMBN-induced effects were more pronounced with time over the 2-h period in which cells were examined. Disruption of A layer by PMBN was also indicated by the dispersion of cells from autoagglutinated clumps observed under light microscopy, and viability was not affected (data not shown).
DISCUSSION
There was a lack of significant PMBN sensitization of A. salmonicida strains to hydrophobic antibiotics. These strains were PB susceptible, as was E. coli K-37, a strain sensitized by PMBN to comparable levels reported for other PB-susceptible gram-negative bacteria (20, 21, 26 indicating that A layer is not a significant permeability barrier to antibiotics (27). The wild-type A. salmonicida strains were 10 to 50 times more susceptible than E. coli K-37 to the hydrophobic antibiotics tested, suggesting that the outer membrane of A. salmonicida is not as effective a permeability barrier to these antibiotics. However, the potential for sensitization of wild-type A. salmonicida to these antibiotics appears to exist. A mutant isolated from the AsLR strain, although not as yet well characterized, was 10 to 50 times more susceptible to hydrophobic antibiotics (benzylpenicillin, cloxacillin, erythromycin, fusidic acid, and novobiocin) than the parent strain (data not shown).
Although PMBN sensitized A. salmonicida strains to the bactericidal action of TS, its effect was less pronounced than that reported against a variety of PB-susceptible gramnegative bacteria in mammalian sera (20, 24, 25) . However, PMBN appeared to function in TS similar to mammalian sera. It increased the bactericidal activity of TS against PB-susceptible A. salmonicida and E. coli K-37 but not against PB-resistant P. fluorescens J, and its effect was dependent on TS complement. TS appeared to differ from mammalian sera in that the synergistic effect of PMBN in TS against A. salmonicida Rest. 80204 was not significantly removed from TS by absorption with glutaraldehyde-fixed cells of the Rest. 80204 strain or E. coli K-37 (24) . It is possible that an absorbable factor is present in TS, similar to that reported to be necessary for the synergistic effect of PMBN in mammalian sera (24) , but that it was incompletely absorbed by the method used.
In contrast to certain enteric bacteria (7, 22) including E. coli K-37, electron micrographs of A. salmonicida cells exposed to PMBN revealed very few blebs on the outer membrane surface. However, extracellular vesicles that may have been derived from blebs on the outer membrane of A. salmonicida were much more numerous with PMBN-treated cells. It has been reported that A. salmonicida produces extracellular vesicles which appear chemically to be derived from the outer membrane, and a suggested function of such vesicles was a protective one against antibodies (15) . The effects of PMBN on A. salmonicida may be counteracted if expansion of the outer membrane was subsequently reduced by pinching off vesicles. These vesicles may carry bound PMBN with them and act as a trap for further PMBN. This is presently under investigation. There may be differences in the outer membrane of A. salmonicida, such as the reported homogeneous nature of O-polysaccharide chain length when compared with that of enteric bacteria (4) , that may have some role in the differences in PMBN effects observed.
Interestingly, PMBN caused disruption of the A layer in wild-type A. salmonicida strains which appeared to be associated with the accumulation of vesicles underneath this surface array protein layer. From biochemical and immunological analysis of the cell surface of A. salmonicida, a model has been proposed in which the O-polysaccharide side chains and a second polysaccharide antigen extend from the outer membrane through the A layer and are accessible on the outside surface of the cell (9) . The association of A layer with outer membrane material in the form of PMBN-induced vesicles may result in disruption of the A layer and its ultimate removal from the cell. Also, it has been reported that O-polysaccharide chains on the lipopolysaccharide are necessary for the assembly of A-layer subunits (3) and binding of PMBN to this region may weaken A layer. Further investigations on the effect of PMBN on A layer may prove useful due to the reported requirement of A layer for virulence (12, 13, 16, 18) and its suggested roles in immune serum resistance (16) and sticking (17, 18) 
